In spite of successful applications of nanoparticles in *experimental* nanomedicine, their advancement into *clinical* trials has been decelerated and challenged by concerns about their potential adverse health effects and unusual biopersistence in the lung, leading to chronic inflammation and potential carcinogenicity and tumor growth.^[@ref1],[@ref2]^ With regard to carbonaceous nanomaterials, the initial observations documented their presence in the lung even one year after inhalation or aspiration exposure.^[@ref3],[@ref4]^ More focused analysis, however, revealed that this was relevant to only long (high aspect ratio) and highly aggregated single-walled carbon nanotubes (SWCNTs) frequently encapsulated in interstitial granulomas.^[@ref5],[@ref6]^ In fact, short (low aspect ratio) and well-dispersed SWCNTs demonstrated markedly accelerated rates of clearance compared with the high aspect ratio aggregated particles.^[@ref6],[@ref7]^ This suggests that short SWCNTs may be taken up by cells, likely inflammatory cells, facilitating their biodegradation.

The chemical degradation of pristine SWCNTs using strong acids and oxidants (such as mixtures of sulfuric acid and hydrogen peroxide) has been known for quite some time.^[@ref8]^ SWCNTs can also be degraded by highly reactive hydroxyl radicals (·OH) produced *via* Fenton homolytic cleavage of H~2~O~2~.^[@ref9]^ Due to the high oxidative potential (∼2.3 V),^[@ref10]^ this reactive species is able to oxidize both pristine and carboxylated SWCNTs. In addition to chemical oxidants, recent work discovered and characterized "mild" enzymatic catalytic pathways for biodegradation of SWCNTs and multiwalled CNTs (MWCNTs).^[@ref11],[@ref12]^ Reactive intermediates of several peroxidases---plant horseradish peroxidase (HRP), inflammatory cells myeloperoxidase (MPO), and eosinophil peroxidase (EPO)---were found to be effective in oxidative biodegradation of CNTs in biochemical models and in cells.^[@ref13],[@ref14]^ Reactive intermediates generated during catalytic cycles of these enzymes, particularly oxoferryl iron (Fe^4+^=O), can oxidize a variety of substrates, including CNTs.^[@ref15],[@ref16]^ In addition, the well-documented ability of MPO and EPO to convert halides into strong oxidants---hypochlorous acid (HOCl) and hypobromous acid (HOBr), respectively---contributes to the CNT biodegradation process.^[@ref11],[@ref17]^ Interestingly, biodegradation of CNTs by oxidative metabolism of bacteria accompanied by the formation of multiple products has been considered as a potentially important mechanism in the environment. Genotypic characterizations revealed three microbial species likely involved in degradation of CNTs: *Burkholderia kururiensis*, *Delftia acidovorans*, and *Stenotrophomonas maltophilia*.^[@ref18]^

PMNs (polymorphonuclear leukocytes) have been identified as an inflammatory cell population capable of biodegrading SWCNTs *via* activation of their powerful pro-oxidant myeloperoxidase-catalyzed pathways.^[@ref13]^ However, PMNs are short-lived^[@ref19]^ and can define the fate of SWCNTs only within 3 to 4 days after initial exposure.^[@ref20]^ In contrast, macrophages may persist over weeks of chronic inflammation elicited by pulmonary exposure to SWCNTs. This characteristic, combined with the known propensities of macrophages to recognize and take up SWCNTs, makes them a very likely candidate cell type that determines the kinetics of SWCNT clearance from the lung. In contrast to PMNs, however, macrophages do not express significant amounts of MPO.^[@ref16],[@ref21]^ Instead, their oxidative metabolism and "digestion" of foreign invaders are driven by highly expressed enzymes producing superoxide (OO\*^--^)-NADPH oxidase and nitric oxide (NO\*)-inducible isoform of nitric oxide synthases (iNOS).^[@ref22],[@ref23]^ These two radical species rapidly react to yield a highly potent oxidant, peroxynitrite (ONOO^--^), which can effectively modify many types of biomolecules.^[@ref24],[@ref25]^ Here, we report that superoxide/NO\* → peroxynitrite-driven oxidative pathways of macrophages are, indeed, involved in the "digestion" of SWCNTs and their clearance from the lung.

Results {#sec2}
=======

Inhalation or pharyngeal aspiration exposure of mice to SWCNTs triggers a robust inflammatory response whereby the initial sharp accumulation and activation of neutrophils is followed by the expedited recruitment and extended presence of macrophages in the lung.^[@ref20],[@ref14]^ As neutrophils are equipped to "oxidatively kill" bacterial invaders by MPO-driven reactions,^[@ref16],[@ref21]^ they have also been shown to oxidatively partially biodegrade CNTs.^[@ref13],[@ref14]^ Arriving macrophages "clean" the oxidative battlefield by phagocytotic digestion of injured neutrophils and also take up still abundant CNTs. It has been documented that maximal recruitment and accumulation of macrophages in the lungs of w/t and gp91^(phox)--/--^ mice exposed to a dose of 40 μg of SWCNT/animal---the same dose as the one utilized in the current work---was maximal on day 7 after the exposure.^[@ref20],[@ref26]^ Given that macrophage NADPH oxidase is the major generator of superoxide radicals required for the production of peroxynitrite involved in the SWCNT biodegradation, we chose to conduct our comparative measurements on days 7 and 28, respectively. These considerations were further supported by our previous characterizations of SWCNTs using Raman microscopy, in which no significant changes were detected between days 1 and 7, whereas a marked decrease of the levels and oxidative modification of carbon nanotubes was detected on days 1 and 28 after the exposure.^[@ref14]^ In addition, our assessments of the SWCNT content using quantitative optical imaging of the lung sections (using the spectral range 750--840 nm selectively absorbed by SWCNTs) did not reveal differences between the volumes occupied by SWCNTs on days 1 and 7 postexposure.^[@ref14]^ On this basis, we reasoned that comparative assessments of the SWCNT contents in the lungs on days 7 and 28 are well justified.

We assessed the SWCNT content in alveolar macrophages of C57BL6 mice using enhanced dark-field microscopy with hyperspectral image analysis by CytoViva.^[@ref27]^ We and others have validated the utility of this approach in several published studies.^[@ref28]^ Oxidatively functionalized SWCNTs (treated with concentrated H~2~SO~4~/HNO~3~ at a ratio of 3:1 at 70 °C for 40 min) have been used in all experiments. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, SWCNT-loaded macrophages are readily detectable in both bronchoalveolar lavage (BAL) and lung macrophages of C57BL6 mice on day 7 after pharyngeal aspiration exposure (40 μg/mouse). Quantitatively, at this time point, more than 50% of BAL macrophages and ∼12% of lung tissue macrophages are SWCNT-laden ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A,C,E). Notably, this significant early presence of SWCNTs in macrophages markedly decreased by the 28th day after the exposure, resulting in their counts of ∼10--12% and \<1% in BAL and the lung, respectively ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B,D,F).

![Assessment of the amounts of alveolar macrophages with SWCNTs in BAL (A, B, E) and lung sections (C, D, F) of adult C57BL/6 \[gp91^phox(+/+)^\] and NADPH-oxidase-deficient \[gp91^phox(−/−)^\] mice on days 7 and 28 post SWCNT exposure. (A, B, C, D) Representative images of BAL cells (A, B) or lung sections (C, D) of C57BL6 mice on day 7 (A, C) and day 28 (B, D) after exposure to SWCNTs. Original magnification 60×. Arrows show SWCNTs present in individual alveolar macrophages. Inset: Representative BAL/lung macrophages with SWCNTs. (E) Quantitative results of alveolar macrophages with SWCNTs in BAL of C57BL6 mice. (F) Quantitative results of lung tissue macrophages with SWCNTs in lung sections of C57BL6 and NADPH-oxidase-deficient mice. Results are mean ± SEM (*n* = 5 mice/group). \**p* \< 0.05, *vs* day 7 post SWCNT exposure; ^\#^*p* \< 0.05, *vs* C57BL6 mice on day 28 postexposure.](nn-2013-06484b_0001){#fig1}

While redistribution and migration of macrophages might significantly contribute to SWCNT clearance, "digestion" of SWCNTs within macrophages might represent yet another factor of SWCNT disappearance. SWCNTs have been shown to be sensitive to oxidative biodegradation by MPO intermediates and hypochlorous acid generated by neutrophils.^[@ref13],[@ref11]^ A comparably potent oxidant (with a redox potential of +1.4 V^[@ref29]^) is peroxynitrite (ONOO^--^), which can be generated by macrophages in the reaction of superoxide radicals with nitric oxide (NO\*):

It is believed that highly expressed NADPH oxidase and NO synthase are the two suppliers of the reactants for [reaction [1](#eq1a){ref-type="disp-formula"}](#eq1a){ref-type="disp-formula"}, leading to massive peroxynitrite production by activated macrophages. Therefore, we reasoned that ONOO^--^ might be involved, at least in part, in the macrophage biodegradation of SWCNTs in the lung. To experimentally test this, we compared the content of SWCNTs in lung macrophages on the 28th day after the exposure in wild-type C57BL6 mice with NADPH-oxidase-deficient (gp91^phox(−/−)^) mice ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}F). We found that clearance of SWCNTs was ∼10-fold less effective in the gp91^phox(−/−)^ mice *vs* w/t animals. In BAL of NADPH-oxidase-deficient mice, we found similar amounts of SWCNT-loaded macrophages (∼23 × 10^4^) on both day 7 and 28 after exposure.

To further quantitatively assess the differences in SWCNT clearance between w/t *vs* NADPH oxidase k/o mice, we performed independent measurements of their content in the lungs using photoacoustic (PA) imaging^[@ref30]^ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). In wild-type C57BL6 mice, the PA signal intensity from SWCNTs on day 28 (−18.5 ± 5.6 dB) was more than 2-fold lower compared to that on day 7 (−10.6 ± 3.7 dB). In contrast, no significant difference was observed between day 7 (−10.5 ± 5.0 dB) and day 28 (−12.8 ± 4.9 dB) PA signal intensities in NADPH-oxidase-deficient mice.

![Photoacoustic (PA) images (A) and statistical analysis (B) of PA intensity of lung sections of adult C57BL/6 \[gp91^phox(+/+)^\] and NADPH-oxidase-deficient \[gp91^phox(−/−)^\] mice on days 7 and 28 post SWCNT exposure. PA images were obtained by scanning over an area of 1.3 cm by 1.3 cm in 250 μm step increments. White dashed lines in each panel (A) depict the boundaries of the corresponding histology samples. PA signal intensity in each image was averaged over the areas within the white dashed lines and presented in dB (panel B). \**p* \< 0.001, *vs* day 7 post SWCNT exposure.](nn-2013-06484b_0002){#fig2}

Given that oxidative potential of superoxide anion radicals (−0.33 V)^[@ref31]^ is not sufficient for direct oxidative degradation of SWCNT, we concluded that superoxide/NO\* → peroxynitrite-driven oxidative pathways were involved in the clearance process. To directly assess the ability of macrophages to utilize the superoxide/NO\* → peroxynitrite oxidative system in SWCNT biodegradation, we utilized a model of activated THP-1 macrophages known to generate peroxynitrite upon stimulation with phorbol 12-myristate 13-acetate (PMA).^[@ref32]^ Differential interference contrast (DIC) microscopy revealed that activated (but not quiescent) macrophages engulfed SWCNTs (129 + 12.7 particles per cell and 2.7 + 0.2 particles per cell, respectively) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). We further applied live cell imaging using hydroxyl radical and peroxynitrite sensor hydroxyphenyl fluorescein (HPF),^[@ref33]^ which generates a highly fluorescent oxidation product after reaction with peroxynitrite anions or hydroxyl radicals. Data obtained by live cell imaging demonstrated that naïve THP-1 cells have a weak HPF fluorescent emission, which was dramatically enhanced by PMA activation ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Uptake of SWCNTs by activated THP-1 cells was accompanied by a marked decrease in HPF fluorescence emission intensity ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A), indicating that a significant part of peroxynitrite was interacting with SWCNTs rather than with HPF.

![Representative images of THP-1 macrophage with SWCNT inclusions. Cells were cultured in RPMI 1640 media activated by overnight incubation with PMA (50 pmol/10^6^ cells). After 24 h, 20 μg of nanotubes was exposed to activated macrophages (10 × 10^6^ cells in 2.5 mL of media) for a further 72 h at 37 °C. (A) Differential interference contrast (DIC) microscopy in naive cells. Particles were extracted by threshold based on size, shape, and contrast and pseudocolored red. Cells that were nonactivated (as evidenced by cell flattening) were only rarely found to engulf SWCNTs as compared to PMA-activated cells in panel B, which avidly engulfed SWCNTs. (C) En face view of a 3D minimum intensity reconstruction of deconvolved wide-field image of PMA-activated cells containing SWCNTs (black). Nuclei are labeled blue (Hoescht). (D) Orthogonal view of the same reconstruction shown in panel C.](nn-2013-06484b_0003){#fig3}

![Assessment of peroxynitrite production by THP-1 macrophages. Cells were cultured in RPMI 1640 media. A subset of cells was activated by overnight incubation with PMA (50 pmol/10^6^ cells). Cells were incubated with HBSS containing 5 μM hydroxyphenyl fluorescein (HPF) for 40 min. (A) Live cell imaging of HPF fluorescence in THP-1 cells. (a) DIC images, followed by the HPF emissions, first in green (b) and then pseudocolored based on emission intensity (c) to reveal subtle differences in intensity that may not be readily apparent in the original image. (d) Overlay of the DIC and fluorescent images (HPF, green; nuclei, blue). (B) Quantification of peroxynitrite production by THP-1 macrophages using the Cellomics CellInsight HCS reader. Insets: (a) Typical images of naïve and PM-activated THP-1 macrophages incubated with HPF obtained using the Cellomics CellInsight HCS reader; (b) effect of SWCNTs on the intensity of peroxynitrite-dependent fluorescence of HPF oxidation products by nonactivated THP-1 macrophages. \**p* \< 0.05, *vs* naïve cells; ^\#^*p* \< 0.05, *vs* PMA-activated cells.](nn-2013-06484b_0004){#fig4}

The difference between the fluorescence of naïve and PMA-activated THP-1 macrophages was assessed quantitatively using the Cellomics CellInsight HCS reader. PMA caused a 2.4-fold increase of HPF fluorescence compared with untreated cells ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). The high level of fluorescence intensity of PMA-activated cells did not significantly change over 3 days, suggesting uninterrupted production of peroxynitrite by macrophages during this period of time. Results of consecutive measurements demonstrated a progressive increase in the fluorescence of HPF oxidation products in samples containing SWCNTs. Notably, the fluorescence intensity did not reach the level observed in PMA-activated macrophages without SWCNTs.

Quenching of HPF oxidation products' fluorescence by SWCNTs could contribute to the observed reduction of fluorescence intensity. However, we found that exposure of PMA-activated THP-1 macrophages to a higher dose (two times) of SWCNTs (20 *vs* 10 μg) caused only an insignificant further change in the fluorescence response ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). Moreover, in nonactivated THP-1 cells, SWCNTs (20 and 10 μg) did not affect the fluorescence response ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B inset b). These results are difficult to rationalize within the concept of nonspecific physical fluorescence quenching by SWCNTs. On the basis of these results, we suggested that a combined effect including both the competition of SWCNTs with HPF for peroxynitrite and quenching of HPF oxidation products' fluorescence by SWCNTs might account for the observed effect. Successful competition between SWCNTs and HPF for peroxynitrite can be rationalized based on comparison of "reacting concentrations" of the dye (5 μM) with equivalent molecular masses of SWCNTs (corresponding to ∼15 mM of oxidizable carbons). The high content of oxidizable sites in SWCNTs may explain, at least in part, the quenching rate of the peroxynitrite-dependent fluorescence response.

To further verify the ability of THP-1 cells to oxidatively degrade functionalized SWCNTs, we employed Raman microscopy. SWCNTs have two characteristic bands in Raman spectra: the tangential-mode G-band at ∼1580 cm^--1^ and the disorder-induced D-band at ∼1340 cm^--1^. Raman microscopy demonstrated a typical increase in the intensity of the D/G ratio after the incubation of SWCNTs with PMA-activated THP-1 cells ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). Direct measurements of the SWCNT size distribution by TEM revealed a marked shift of the average SWCNT length from 1400 to 1800 nm (the full length range 400--2400 nm) to 400--1000 nm after 96 h of incubation with activated THP-1 cells ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). These changes in SWCNT size were not observed after incubations with nonactivated macrophages.

![Raman spectra (A) and TEM (B) evaluation of SWCNT size distribution illustrating biodegradation of SWCNTs by THP-1 macrophages. 20 μg amount of SWCNTs was incubated with THP-1 cells activated by overnight incubation with PMA (10 × 10^6^ cells in 2.5 mL of media) for 72 h. After collection of cells SDS was added to the cell pellets to a final concentration of 1%. Samples were heated at 100 °C for 15 min and sonicated using the ultrasonic benchtop cleaner (Branson 2510, output power of 70 W at 40 kHz) for 15 min. Finally, the material with 100 μg/mL of proteinase K was incubated at 50 °C for 18 h.](nn-2013-06484b_0005){#fig5}

Finally, we set out to use chemical models and test the ability of peroxynitrite-generating systems to oxidatively biodegrade functionalized SWCNTs. Similarly to macrophage production of peroxynitrite *via*[reaction [1](#eq1a){ref-type="disp-formula"}](#eq1a){ref-type="disp-formula"}, we selected two systems to generate peroxynitrite by either (i) combining a superoxide-generating system, xanthine oxidase/xanthine (XO/X), with NO\* donors (PAPA-NONOate or spermine NONOate) or (ii) simultaneously producing superoxide and NO\* by decomposition of SIN-1. In both of these systems, degradation of SWCNTs was detectable visually as the initially optically dense SWCNT suspensions were becoming more translucent over time ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A). To more objectively document SWCNT degradation, we used UV--vis--NIR spectroscopy. Typical UV--vis--NIR spectra of SWCNTs contained two characteristic absorption bands: the metallic band (M1) located in the area of 650--750 nm and the semiconducting transition band (S2) at 1000--1100 nm ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B inset a). As the graphitic structure becomes oxidized, transitions associated with the sp^2^ carbon framework of pristine SWCNTs diminished and finally completely disappeared. We detected that samples incubated in the presence of peroxynitrite-generating systems elicited a decrease of absorbance at the characteristic S2 band wavelength around 1075 nm ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). Degradation of functionalized SWCNTs was dependent upon the amounts of peroxynitrite and was more effective with xanthine oxidase/xanthine + NO\*-donors superoxide/NO → ONOO-generating systems than with SIN-1. We performed time-course measurements of SWCNT degradation by PAPA NONOate plus XO/XOX and Sin-1 (at the same concentration of 300 μM). We found that the half-life degradation times were ∼50 h and more than 200 h, respectively ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B inset b).

![Visual and UV--vis--NIR absorption spectroscopic evaluation of peroxynitrite-mediated degradation of SWCNTs *in vitro*. SWCNTs (12 μg per sample) were incubated in 50 mM phosphate buffer (pH 7.4) with different peroxynitrite-generating compounds for 120 h at 37 °C. PAPA NONOate, spermine NONOate, SIN-1, and xanthine (final concentrations 150 or 300 μM) were added every 1.5 h, 5 times a day; 1.5 μL of solution contained 0.125 mU of xanthine oxidase was added in the morning and in the evening. (A) Visual evidence of peroxynitrite-mediated degradation of SWCNTs. (B) UV--vis--NIR absorption spectroscopic evaluation of peroxinitrite-mediated degradation of SWCNTs. Insets: (a) Typical UV--vis--NIR spectra of SWCNT; (b) degradation time-course of SWCNT incubated with peroxynitrite-generating systems: PAPA NONOate/XO/XOX and Sin-1 (at concentrations of 300 μM). \**p* \< 0.05, *vs* control.](nn-2013-06484b_0006){#fig6}

SWCNTs are capable of inducing oxidative reactions due to the presence of adventitious transition metals.^[@ref34]^ Based on the XPS survey spectrum ([Supporting Information](#notes-2){ref-type="notes"}, Figure.S2), it appears that most metal residues (4--8 wt %) that remained in the commercial P2-SWNT were removed during the acid treatment process. Assessments of redox activity of SWCNT samples by EPR spectroscopy demonstrated that they did not contain detectable signals from iron paramagnetic centers readily detectable by this technique in unpurified samples. On the basis of these characterizations we conclude that SWCNT degradation found in our experiments stemmed primarily from peroxynitrite-mediated oxidation.

Oxidative defects of SWCNTs induced by treatment with peroxynitrite generators were also detectable by Raman spectroscopy. A typical Raman spectrum registered from nonoxidized SWCNTs had a pronounced G-band and a very weak D-band ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A, inset). Incubation with peroxynitrite generators induced an increase of D-band, due to defects in sp^2^-hybridized carbon systems, and a decrease of the intensity of the tangential G mode, leading to the increased intensity of the D/G ratio ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A). Drastic changes in SWCNT morphology were demonstrated by TEM and SEM. After prolonged incubations in the presence of peroxynitrite-generating systems, the characteristic fibrillar structure of intact SWCNT was completely lost with simultaneous appearance of aggregated globular material ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B). These results were in agreement with our previous studies using HRP and MPO.^[@ref11]^

![Raman spectra and TEM/SEM micrographs illustrating *in vitro* degradation of SWCNTs by peroxynitrite. (A) D-band/G- band ratios for Raman spectra (excitation, 633 nm) of SWCNTs incubated with peroxynitrite-generating compounds during 120 h. Treatment with NaOCl (150 μM) was used as the positive control of degradation. Inset: Typical Raman spectra. (1) D-band, (2) G-band. \**p* \< 0.05, *vs* control. (B) TEM (17 500×) and SEM (10 000×) images of SWCNTs illustrating changes of their morphology as a result of biodegradation in the presence of sources of peroxynitrite *in vitro*.](nn-2013-06484b_0007){#fig7}

Discussion {#sec3}
==========

A number of studies have demonstrated that SWCNTs are capable of inducing a robust inflammatory response that can be synergistically enhanced by oxidative stress either produced *via* activation of the redox machinery of inflammatory cells (neutrophils and macrophages)^[@ref35],[@ref36]^ or associated with the presence of adventitious transition metals.^[@ref34]^ Macrophages are viewed as the major type of inflammatory cells defining the fate of nanoparticles *via* their ability to take up, transport, and redistribute them in the body.^[@ref1],[@ref37],[@ref38]^ Peroxynitrite serves as a macrophage-derived cytotoxic effector molecule to bacteria and parasites.^[@ref39],[@ref40]^ The rate of peroxynitrite formation is increased many fold upon their activation: for rat alveolar macrophages activated with PMA, it was found to reach the level of ∼100 pmol 10^6^ cells^--1^ min^--1^.^[@ref41]^ Here we demonstrated that carbonaceous nanoparticles may be taken up by macrophages and "oxidatively digested" by peroxynitrite generated in activated macrophages *via* NADPH-oxidase-driven production of superoxide anion radicals and NO\*. It is also likely that clearance of CNTs from the lung might be due to the enhanced macrophage transport. Our *in vitro* experiments with THP-1 macrophages directly revealed their ability to oxidatively degrade SWCNTs in a process uncomplicated by possible clearance of SWCNTs from the lung due to the enhanced macrophage transport.

Our previous studies described the MPO-dependent biodegradation of SWCNTs in neutrophils.^[@ref13],[@ref14]^ However, the neutrophilic cell response to SWCNTs is short-lived,^[@ref19],[@ref20]^ and both "worn-out" neutrophils and their contents are engulfed and taken up by macrophages.^[@ref42]^ In contrast, macrophages are recruited to the tissues for extended stay, thus providing sufficient time for the "oxidative digestion" of SWCNTs. One can envision that neutrophils may play a triggering role by initiating the SWCNT degradation process and converting longer particles into shorter ones, thus facilitating their uptake by one of several kinds of macrophages---the intravascular, interstitial, pleural, and surface---present in the lung.

Comparisons of redox potentials are quite useful for general assessments of potentially effective oxidants capable of, at least in principle, biodegrading CNTs. In fact, these comparisons turned out to be predictive of metal-driven oxidations of SWCNTs.^[@ref43]^ Similarly, several other potent oxidants---hydroxyl/hydroperoxyl radicals (2.33 V), reactive intermediates of peroxidases (∼1.1 V), HOCl/HOBr (1.48 and 1.33 V, respectively), and peroxynitrite (1.4 V)---can all be viewed as potential candidates for effective oxidative biodegradation of CNTs. These compounds can be reduced as acceptors of electrons from the valence band of CNTs, thus resulting in the oxidation of the latter. Recent work has demonstrated that SWCNTs can be biodegraded by exogenous and endogenous enzymes or by fluids mimicking the content of phagolysosomes.^[@ref11],[@ref12]^ Within the context of the superoxide/peroxynitrite mechanism of SWCNT biodegradation, the acidic pH in the intraphagolysosomes may facilitate protonation of O-NOO to yield ONOOH. The latter can be more readily decomposed to hydroxyl radicals^[@ref24]^ with their known potential to directly oxidize SWCNTs.^[@ref9]^

In contrast to MPO of neutrophils and eosinophil peroxidase of eosinophils---where reactive peroxidase intermediates, along with small molecules of hypohalogenous acids, are involved in the biodegradation process---the macrophage superoxide/NO → peroxynitrite pathway does not include direct interactions of CNTs with the participating enzymes. As NADPH oxidase and NO synthase produce superoxide radicals and NO\*, respectively, these two molecules react nonenzymatically at a diffusion-limited rate to yield peroxynitrite.^[@ref24],[@ref25]^ The latter can diffuse further to interact with CNTs. Thus, no specific protein/CNT binding is involved in oxidative biodegradation of carbon nanotubes. Our previous work demonstrated that enzymatic biodegradation realized *via* SWCNT interactions with reactive intermediates of peroxidases---horseradish peroxidase, myeloperoxidase, and eosinophil peroxidase---are more effective with oxidatively functionalized SWCNTs *vs* pristine SWCNTs, as negatively charged surfaces of the former can directly bind the positively charged amino acid residues of the proteins, thus facilitating the catalytic process.^[@ref13],[@ref44]^ However, this difference in the reactivity was detectable only when reactive enzymatic intermediates were involved in the biodegradation process^[@ref9]^ and were negligible for the biodegradation process realized via HOCl-driven reactions.^[@ref11]^ Assuming that peroxynitrite-dependent oxidations are also independent of the direct binding of reactive intermediates with the CNT surface, it is likely that superoxide/peroxynitrite-driven oxidations by macrophages are also relatively insensitive to the initial oxidation state of CNTs. This may also be important for biomedical applications of CNTs in drug delivery paradigms: the indiscriminative attack by peroxynitrite will likely not only affect the vehicle but also cause oxidative modification/degradation of the cargo, thus changing its therapeutic potential.

Our data on significantly less efficient clearance of oxidatively functionalized SWCNTs in the lung of NADPH-oxidase-deficient mice indicate that superoxide/NO\* → peroxynitrite-driven reactions play a significant, albeit not exclusive, role in the biodegradation process. As NADPH-oxidase-deficient animals showed decreased capacity to "metabolize" SCWNTs, one may assume that there may be a genetically predetermined specificity in sensitivity to nanoparticle exposures. This may also relate to the expression of inducible NO synthase, a supplier of NO\* as the second required reagent to produce peroxynitrite, directly involved in SWCNT degradation. Another group of factors may include expression of proteins engaged in engulfment and uptake of CNTs by macrophages. Our previous work^[@ref45]^ pointed to an anionic phospholipid, phosphatidylserine, as an "eat-me" signal facilitating the recognition and uptake of SWCNTs by macrophages. On the contrary, there are also "do not eat me" signals of protein nature that can be adsorbed on the CNT's surface, *e*.*g*, CD47, and suppress their uptake by macrophages,^[@ref46]^ hence slow down the biodegradation process.

The well-known claims of biopersistence and the ability to induce robust chronic inflammation have been stumbling blocks on the way to successful implementation of CNTs in biomedicine and have raised significant health concerns, particularly in environmental and occupational settings.^[@ref4],[@ref47]^ Most of the relevant observations were published in the early days of the then emerging nanotoxicology, when adequate characterization of physicochemical characteristics of CNTs was not commonly performed. Consequently, the majority of this work has been conducted with very long, frequently entangled and aggregated into "bird's nests" CNT agglomerates.^[@ref48],[@ref38]^ Later, it became apparent that the documented "biopersistence" of these high aspect ratio aggregated forms of SWCNTs was mainly due to their being surrounded by fibrous connective tissue in the lung with the formation of granulomas, isolating them from interactions with other cells including phagocytizing cells. As a result of this, SWCNTs present in granulomas may be less vulnerable to oxidative biodegradation mechanisms. In contrast, low aspect ratio SWCNTs are readily taken up by macrophages. Notably, nonaggregated low aspect ratio SWCNTs were found to be less toxic to macrophages than the aggregated forms.^[@ref7]^

The identification of a new pathway for CNT biodegradation in macrophages raises a more general question on health risks as consequences of pulmonary exposure to CNTs. While pharyngeal aspiration and inhalation of relatively high doses of SWCNTs have been clearly associated with robust inflammation, granulomas, and early onset fibrosis,^[@ref20],[@ref36]^ the important issue is the relevance of these doses to realistic environmental and occupational levels of exposure. With the current very low levels of occupational exposures to CNTs at the workplace, estimated by NIOSH to be ∼1 μg/m,^[@ref3][@ref49]^ it seems unlikely that low aspect ratio SWCNTs---with their effective biodegradation by neutrophil and macrophage oxidative pathways---may represent a significant health hazard. This evidently also applies to even lower levels of potential environmental exposures, hence leaving only accidental high levels of exposure to CNTs as a real risk.

Conclusions {#sec4}
===========

Macrophages, in contrast to short-lived neutrophils, display persistent presence in the lung of animals after pulmonary exposure to carbon nanotubes. While effective in the clearance of bacterial pathogens and injured host cells, the ability of macrophages to "digest" carbonaceous nanoparticles has not been documented. Here, we used chemical, biochemical, and cell and animal models and demonstrated oxidative biodegradation of single-walled carbon nanotubes *via* superoxide/NO\* → peroxynitrite-driven oxidative pathsways of activated macrophages facilitating clearance of nanoparticles from the lung. Using two chemical models generating peroxynitrite, we visually detected degradation of SWCNTs, as the initially optically dense SWCNT suspensions were becoming more translucent over time. Additionally, CNT degradation by peroxynitrite was documented by (i) decreased absorbance at the semiconducting transition band at ∼1075 nm, characteristic for SWCNTs, (ii) increased ratio of disorder-induced D-band to the tangential-mode G-band in Raman spectra, and (iii) decreased average SWCNT length assessed by electron microscopy. Activated THP-1 macrophages known to generate peroxynitrite upon stimulation with phorbol 12-myristate 13-acetate engulfed and biodegraded SWCNTs. Finally, significantly less efficient clearance of SWCNTs in the lung of NADPH-oxidase-deficient mice *vs* wild-type animals also indicated that superoxide/NO\* → peroxynitrite-driven reactions play a significant, albeit not exclusive, role in the biodegradation process. Overall, we describe a superoxide/NO\* → peroxynitrite-driven oxidative pathway in which macrophages are involved in "digestion" of CNTs and their clearance from the lung.

Materials and Methods {#sec5}
=====================

Oxidation of SWCNTs {#sec5.1}
-------------------

Approximately 10 mg of SWCNTs (P2, Carbon Solutions, Inc., Riverside, CA, USA) was sonicated (Branson 1510, frequency 40 kHz) in 20 mL of concentrated H~2~SO~4~/HNO~3~ at a ratio of 3:1 at 70 °C for 40 min. After diluting the solution 10-fold with deionized water, the oxidized SWCNTs were first filtered on a 0.22 μm Teflon membrane filter and subsequently washed with copious amounts of water until the pH of the filtrate was ∼7. The TEM was employed to determine the length distribution of the functionalized SWCNTs ([Figure S1a](#notes-2){ref-type="notes"}). TEM and SEM images demonstrated that the acid mixture did not destroy the characteristic structure of carbon nanotubes. Raman spectroscopy was implemented to visualize the D- and G-bands ([Figure S1b](#notes-2){ref-type="notes"}). Diffuse reflectance infrared Fourier transform spectroscopy was also performed ([Supplemental Methods S1, Figure S1c](#notes-2){ref-type="notes"}). The surface chemistry of functionalized SWCNTs was evaluated by utilizing X-ray photoelectron spectroscopy (XPS). According to the description provided by Carbon Solution, Inc., the pristine P2-SWNTs contain a carbonaceous content of over 90%. The XPS spectra ([Supplementary Figure S2](#notes-2){ref-type="notes"}) belonging to P2 SWCNTs that were treated with a mixture of H~2~SO~4~ and HNO~3~ (3:1) demonstrated that the oxygen content was markedly increased from less than 10% to an average of 30%. In addition, we listed the relative amounts of the different oxygen functional groups that were determined from the high-resolution spectra for both C 1s and O 1s. After sonication in the acid mixture, hydroxyl (or phenolic) groups were predominantly formed. Although present as minor functional groups, carboxylic acid/carboxylate groups were also found ([Supplementary Figure S2](#notes-2){ref-type="notes"}). Additionally, we also measured the zeta potential and found that functionalization resulted in a more negative potential associated with the presence of carboxylic groups at a pH below 7.1.

Animals {#sec5.2}
-------

Specific pathogen-free NADPH-oxidase-deficient \[gp91^phox(−/−)^\] mice and adult C57BL/6 \[gp91^phox(+/+)^\] mice (7--8 weeks old) were supplied by Jackson Laboratories (Bar Harbor, ME, USA). Animals were housed one mouse per cage in AAALAC-accredited NIOSH animal facilities 1 week prior to use. Beta Chips (Northeastern Products Corp., Warrensburg, NY, USA) were used for beddings and changed weekly. Animals were supplied with water and Teklad 7913 mouse/rat diet (Harlan, Indianapolis, IN, USA) *ad libitum*, in accordance with guidelines and policy set forth by the Institute of Laboratory Animals Resources, National Research Council. Experiments were conducted under a protocol approved by the Animal Care and Use Committee of NIOSH.

Quantitative Assessment of Alveolar Macrophages with SWCNTs {#sec5.3}
-----------------------------------------------------------

Alveolar macrophages with SWCNTs in lung sections from adult C57BL/6 \[gp91^phox(+/+)^\] and NADPH-oxidase-deficient \[gp91^phox(−/−)^\] mice were assessed using an enhanced dark-field optical system at days 7 and 28 postexposure. The lung sections stained with H&E were examined using dark-field-based illumination optics adapted to an Olympus BX-41 microscope (CytoViva, Auburn, AL, USA). The CytoViva system captures visible and near-infrared (400--1000 nm) spectra within each pixel of the scanned field with subsequent image analysis, comparing it with the characteristic spectrum of compounds of interest. Such an approach allows mapping and quantification of a wide range of nanomaterials inside cells and tissues.^[@ref50]^ Sections were inspected with 60× oil immersion objectives. The number of macrophages with SWCNTs was determined in the lung sections using a point counting overlay technique. An eyepiece counting overlay consisting of a grid with 126 lines (14 by 9 lines), each 1 cm in length and a total of 252 points for each throw of the overlay, was used. The grid pattern for throws of the counting overlay ensures a uniform sampling of the section that does not overweigh interior points. The different sections of lung were imaged in an unbiased fashion by traversing the tissue in both the X and Y directions. At least 10 throws of the grid were counted per animal. The resulting values were expressed as a percentage of the total amount of alveolar macrophages.

Photoacoustic Imaging {#sec5.4}
---------------------

The entire area of the sample submerged in a small water tank was illuminated by a pulsed laser light of 5 ns long at a repetition rate of 10 Hz, which was pumped by a Nd:YAG Q-switched pulsed laser (Brilliant, Quantel, France) and tuned to 680 nm in the optical parametric oscillator (Vibrant 532 HE I, OPOtek, CA, USA). A photoacoustic image was obtained by scanning over an area of 1.3 cm by 1.3 cm in 250 μm step increments, using a single-element focused ultrasound transducer (5 MHz, V 309-SU, Olympus NDT, MA, USA) mounted on a 2-axis translational stage (Zaber, Vancouver, Canada). The obtained PA signal intensity was normalized to the laser energy before applying a maximum amplitude projection method to produce the normalized PA images. The Kruskal--Wallis nonparametric one-way test was applied to compare PA signal intensities.

Incubation of SWCNTs with Macrophages {#sec5.5}
-------------------------------------

The THP-1 human monocytic cell line obtained from American Tissue Culture Collections (ATCC) was maintained in RPMI 1640 culture media supplemented with 10% heat-inactivated FBS. Before the experiment cells were seeded in RPMI 1640 media without phenol red, and differentiation was activated by overnight incubation with PMA (50 pmol/10^6^ cells). The next day 20 μg of nanotubes was exposed to activated macrophages (10 × 10^6^ cells in 2.5 mL of media) during 72 h at 37 °C. Then incubation media was removed, and cells were washed with phosphate-buffered saline (PBS) and trypsinized. The trypsin solution containing detached cells was combined with preliminary removed incubation media and PBS and centrifuged at 1200*g* for 20 min. Supernatant was removed, pellets were suspended in PBS, and 10% SDS was added to a final concentration of 1%. Samples were heated at 100 °C for 15 min and sonicated using the ultrasonic benchtop cleaner (Branson 2510, output power of 70 W at 40 kHz) for 15 min. Obtained samples were stored at −20 °C and used for assessment of SWCNT degradation by Raman spectroscopy and transmission electron microscopy (TEM). In control samples collecting of cells was started immediately after addition of SWCNTs.

Live Cell Imaging {#sec5.6}
-----------------

Cells were seeded on 35 mm glass-bottom dishes (MatTek Corporation, Ashland, MA, USA) and incubated with the peroxynitrite indicator hydroxyphenyl fluorescein (HPF) (5 μM, Invitrogen, Eugene, OR, USA) for 15 min at 37 °C. Cells were washed with PBS, the media replaced, and the dish inserted in a closed, thermocontrolled (37 °C) stage top incubator (Tokai Hit Co., Shizuoka-ken, Japan) atop the motorized stage of an inverted Nikon TiE fluorescent microscope (Nikon Inc., Melville, NY, USA) equipped with a 60× oil immersion optic (Nikon, CFI PlanFluor, NA 1.43) and NIS Elements Software. HPF was excited using a Lumencor diode-pumped light engine (SpectraX, Lumencor Inc., Beaverton OR, USA) and detected using an FITC long pass filter set (Chroma Technology Corp, USA) and ORCA-Flash4.0 sCMOS camera (Hamamatsu Corporation, Bridgewater, NJ, USA). The number of SWCNTs per cell was quantified using the spots function in NIS Elements (Nikon Inc.).

Measurement of Peroxynitrite Production by THP-1 Cells {#sec5.7}
------------------------------------------------------

Detection of peroxynitrite produced by THP-1 macrophages was done using HPF. Briefly cells were suspended in RPMI 1640 media without phenol red and seeded in a 96-well plate (10 × 10^3^ cells/well in a volume of 100 μL), and part of cells were incubated overnight with PMA (50 pmol/10^6^ cells) to activate differentiation. Measurements were done during 3 days after incubation of cells with PMA. Every day staining was performed using new unstained wells containing THP-1 cells and a freshly prepared solution of HPF in Hank's balanced salt solution (HBSS). Before measurement cells were washed two times with 150 μL of HBSS and incubated with HBSS containing 5 μM HPF for 40 min. In some cases before incubation with HPF cells were labeled with Hoechst 33342 in a final concentration of 1 μg/mL for 15 min. Images were analyzed using the Cellomics CellInsight HCS reader (Thermo Scientific, Waltham, MA, USA) and multichannel high content screening BioApplication software (Compartmental Analysis). Seventy-five fields were analyzed per each well.

Incubation of SWCNTs with Peroxynitrite *in Vitro* {#sec5.8}
--------------------------------------------------

SWCNTs (9 μg per sample) were incubated in 50 mM phosphate buffer (pH 7.4) with different concentrations of peroxynitrite for 120 h at 37 °C. Peroxynitrite was generated (a) by addition of peroxynitrite donor SIN-1, producing both nitric oxide (\*NO) and superoxide (\*O~2~^--^) upon decomposition in aqueous solution, or (b) by simultaneous addition of a superoxide-generating system, containing xanthine oxidase/xanthine (XO/X) and a NO donor (PAPA NONOate or spermine NONOate), spontaneously dissociating and liberating 2 mol of NO per mole of parent compound. Aliquots of fresh PAPA NONOate, spermine NONOate, xanthine, and SIN-1 (final concentrations of 150 or 300 μM) were added every 1.5 h (5 times a day); 1.5 μL of solution contained 0.125 mU of xanthine oxidase was added in the morning and in the evening.

Preparation of Samples for Transmission and Scanning Electron Microscopy and Raman Spectroscopy {#sec5.9}
-----------------------------------------------------------------------------------------------

SDS (1%) was added to SWCNT samples containing cellular material, and the mixtures were heated to 100 °C for 10 min. This was followed by sonication using the ultrasonic benchtop cleaner (Branson 2510, output power of 70 W at 40 kHz) for 10 min. After cooling the contents to room temperature, Tris-HCl buffer (final concentration 30 mM) (pH 8.0) was added. Finally, an 18 h incubation of the material with 100 μg/mL of proteinase K at 50 °C was undertaken. After these treatments, most of the cell contents were removed from the samples, resulting in SWCNT pellets well prepared for the analysis by TEM and Raman spectroscopy. No cell remnants were detectable on TEM pictures of the samples. Raman spectra of the samples looked similar to those of SWCNT suspensions.

Transmission Electron Microscopy {#sec5.10}
--------------------------------

A 5 μL amount of solubilized sample was placed on a lacey carbon grid (Pacific-Grid Tech, San Francisco, CA, USA) and permitted to dry overnight under ambient conditions prior to TEM imaging (FEI Morgagni, 80 keV, Hillsboro, OR, USA). Finally, ImageJ was employed to measure the length of the nanotubes.

Scanning Electron Microscopy {#sec5.11}
----------------------------

A 10 μL portion of sonicated sample was placed on a coverslip and allow to dry. Then samples were mounted on an aluminum stub and sputter coated with 3.5 nm of gold palladium, and SEM examination was made with a Jeol JSM-6335F SEM.

Raman Spectroscopy {#sec5.12}
------------------

Samples were prepared by drop-casting approximately 30 μL of solubilized material on a microscope slide and allowed to dry. A Renishaw inVia Raman microscope spectrometer (Renishaw, Gloucestershire, UK) with an excitation wavelength of 633 nm was used for all samples. Spectra were obtained over the range 1000 to 1800 cm^--1^ to visualize D- and G-band intensity changes throughout the degradation process. Spectra were collected with a 15 s exposure time, at 50% laser power, and averaged across three scans per sample.

Ultraviolet--Visible--Near-Infrared Absorption Spectroscopy {#sec5.13}
-----------------------------------------------------------

The vis--NIR spectra were obtained from the samples using a PerkinElmer Lambda 750 UV/vis/NIR spectrophotometer (PerkinElmer, Waltham, MA, USA). Spectra were recorded using a 50 μL cuvette (Starna Cell Inc., Atascadero, CA, USA). Absorbance in the region of the S2 band was normalized by subtraction of scattering.

Statistics {#sec5.14}
----------

The results are presented as mean ± SD values from three experiments, and statistical analyses were performed using Student's *t* test. The statistical significance of differences was set at *p* \< 0.05.
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